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Organic-inorganic hybrid perovskites (OIHP) have recently emerged as a new generation of promising materials for solar cell absorbers, yielding power conversion efficiencies of >20% within only five years of development, benefiting from their outstanding intrinsic optoelectronic properties, including tunable bandgap, high absorption coefficient, low exciton-binding energy, high mobility, and long carrier diffusion length. [21] [22] [23] Recently, the application of OIHP was widely broadened to other fields, such as light-emitting diodes, lasers, photodetectors, X-ray detectors, and so on. [24] [25] [26] [27] [28] For OIHP photo detectors, both the high-gain photoconductive type and the low-noise photodiode type, have been recently reported. [29] [30] [31] OIHP photodetectors also have a unique advantage in their use as the imager in digital cameras because their proper bandgap enables a response only to visible light, while silicon-based imagers always need a filter to block infrared light and enhance the imaging quality. Despite rapid progress in the sensitivity enhancement of perovskite photodetectors, little is known about how fast the OIHP photodetectors can operate.
Herein, we report a solution-processed photodetector based on OIHP with a sub-nanosecond response time at zero-bias operation. The high mobility of a perovskite absorber layer and ultralow trap density as a result of charge-trap passivation enable efficient, fast charge-carrier extraction. The fast response and power-free operation provide an opportunity to measure the charge-carrier radiative recombination lifetime by monitoring photoluminescence decay, which is one typical application of ultrafast photodetectors. A time-resolved photoluminescence (TRPL) system has been demonstrated with the OIHP photodetectors, a pulse laser, and an oscilloscope which has successfully resolved the photoluminescence lifetime of several typical Ultrafast solid-state semiconductor photodetectors have many important applications, including fast imaging, high-speed optical communication, and monitoring of ultrafast dynamic processes, in the fields of consumer electronics, industry, defense, and academic research. [1, 2] These devices heavily rely on traditional inorganic semiconductor materials, such as silicon, indium gallium arsenide, gallium nitride, [3] [4] [5] which are generally deposited by expensive, slow, high-temperature processes, such as molecular-beam epitaxy and metal-organic chemical vapor deposition. Solution-processed semiconductors, including organic semiconductors and nanomaterials, are increasingly exploited in photodetection applications due to their many intrinsic advantages. These materials can be deposited by established, low-cost, versatile solution techniques, such as spin coating, slot-die coating, inkjet printing, and gravure coating, [6] [7] [8] [9] on many different types of substrates, both rigid and flexible, and even on curved surfaces. [10] Large-size arrays can be directly printed with high-throughput printing processes, which avoid the patterning steps in traditional semiconductor techniques. There has been tremendous progress made during the past decade on improving the sensitivity, extending the response spectrum to ultraviolet and near infrared, and increasing the linear dynamic range of these solution-processed photodetectors. [11] [12] [13] Today, the sensitivity of solution-processed photodetectors has already surpassed that of traditional inorganic semiconductor photodetectors in most spectral ranges, including the ultraviolet, visible, and near-infrared; and the linear dynamic range has also surpassed that of the best inorganic photodetectors. [14, 15] Nevertheless, despite the significant progress on the aforementioned aspects, one grand challenge still to be addressed is the low response speed of solutionprocessed photodetectors. For solution-processed photodetectors to be used as imagers in consumer electronics, millions of pixels need to be read out in a short time (milliseconds or CommuniCation fluorescent and phosphorescent materials without resorting to an ultrafast preamplifier.
The device structure of the OIHP photodetectors developed in this study is displayed in Figure 1A . It is similar to our previously reported perovskite solar cells, but the electron extraction layer was changed to fullerene (C 60 ) only instead of a phenyl-C61-butyric acid methyl ester (PC 61 BM)/ C 60 double layer to enhance its response speed because the mobility of C 60 is at least one order of magnitude higher than that of PC 61 BM. [32] The structure was composed of indium tin oxide (ITO)/poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)/CH 3 NH 3 PbI 3 (MAPbI 3 )/C 60 /2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)/copper (Cu). In the device structure, each layer was carefully selected. The nonwetting PTAA played an important role in increasing the grain size and decreasing the grain boundary area, [33] which can clearly be seen in Figure 1B from the cross-section of a scanning electron microscopy (SEM) image of the perovskite film on PTAA. Each perovskite grain was directly connected to a cathode and an anode, which indicates that the 500 nm thin film's perovskite layers can be regarded as many single crystals for charge transport and collection. It can also be seen that the 30 nm C 60 /8 nm BCP can completely cover the perovskite layer, avoiding direct contact between the perovskite layer and cathode metal to avoid a possible reaction between them. Figure 1C displays the dark current and photocurrent density curve (under air mass 1.5 global illumination) of the OIHP photodetectors under forward and reverse scanning between −0.3 and 1.6 V. The dark current density was 1.4 × 10 −5 mA cm −2 under −0.3 V, which was low enough to resolve light as weak as a sub-picowatt per square centimeter, as demonstrated in our previous report. [31] This low dark current can be attributed to the fact that the C 60 layer completely covered the perovskite layer and effectively reduced the current leakage. Figure 1D displays the measured trap density of state (tDOS) using the thermal admittance spectroscopy method before and after introducing C 60 . There was a relatively large density of defect state of 1 × 10 17 -1 × 10 19 m −3 eV −1 in the device without C 60 . However, the tDOS decreased by nearly two orders of magnitude for a trap depth below 0.45 eV and by at least one order of magnitude for a trap depth above 0.45 eV. The obvious reduction of tDOS provides direct evidence that C 60 can effectively reduce perovskite surface traps by passivation, which is important to achieve the fast electron extraction and fast photodetector response reported here. Meanwhile, no photocurrent hysteresis appeared in the photodetectors, which benefited from the passivation role that C 60 plays in reducing perovskite surface trap density. [34] Figure 1E shows the wavelength-dependent external quantum efficiency (EQE) measured at 35 Hz and zero bias. The EQE curve is almost flat and above 80% in the whole visible wavelength region, suggesting constant charge-collection efficiency for charges generated by short or long wavelengths near the PTAA surface, as well as in the perovskite grains. The following responsivity curve is shown in Figure 1F , indicating a maximum value of 0.47 A W −1 around 680 nm. In order to accurately obtain the noise current of OIHP photodetectors, a fast Fourier transform (FFT) signal analyzer combined with a current preamplifier were used to directly record the noise current at different frequencies. As shown in the inset of Figure 1G , the noise current is as low as 18 pA Hz −1/2 and is barely sensitive to the frequency, indicating the successful passivation of the charge traps. Based on the directly measured noise current and R, the specific detectivity (D*) was calculated [20] and shown in Figure 1G . The specific D* is above 1.5 × 10 12 cm Hz 1/2 W −1 from 350 to 790 nm, with the peak value of 7.8 × 10 12 cm Hz 1/2 W −1 at 700 nm. This value is comparable to the commercial Si photo diode at the same wavelength, demonstrating its potential application in the detection of weak visible light. The linear dynamic range of photodetector was measured and is shown in Figure 1H . It can be seen that the responsivity kept almost under light intensity from 0.9 pW cm −2 to 2 mW cm −2 .
The low trap density and high mobility of the single-crystallike perovskite layer provided the potential for MAPbI 3 -based photodetectors to have a fast response. However, the resistancecapacitance (RC) constant of the devices is usually inevitably mixed with carrier transit time, making it difficult to determine the device's response speed limit. The temporal response of a photodetector is characterized by a 3 dB bandwidth, which is the frequency of light signal at which the photoresponse is half of that under steady light. The response bandwidth is affected by both the charge-carrier transit time (t) and the RC constant, and is limited by the slower of the two: [35] 3.5 2
where R is the total series resistance, including the photodiode resistance, contact resistances, and load resistances in the measurement circuit; and C is the sum of the capacitance of the device as well as the parasitic capacitance of the measurement system. To eliminate the RC time-constant influence, the photodetectors, with a varied device area, were investigated first. In this work, the response speed was measured by the transient photocurrent (TPC) method. A short pulse of light from a pulse laser was used to generate carriers in photodetectors which were driven toward the respective electrode by the built-in potential field or an external voltage bias. The induced photocurrent pulse (or TPC curve) was recorded by a fast oscilloscope with an input resistor of 50 Ω. By a single exponential fitting, the response speed can be defined from the linear regime extending out beyond the peak, all the way down to approximately "1/e" time of the photocurrent decay. Here, the laser pulse was provided by either a Ti-sapphire femtosecond laser with an emission wavelength of 400 nm, by doubling the frequency and pulse duration of 150 fs at a repeating frequency of 1 kHz, or a nitrogen nanosecond pulse laser with an emission wavelength of 337 nm and pulse duration of 3.5 ns at a repeating frequency of 20 Hz. The response curve was measured by a 1 GHz oscilloscope which had a sampling rate of 5 GHz. It can be seen that the device response times were clearly device-area-dependent: 115.1 ns for 7 mm 2 , 35.3 ns for 2 mm 2 , 17.9 ns for 1 mm 2 , 9.0 ns for 0.5 mm 2 , 2.7 ns for 0.15 mm 2 , and 0.95 ns for 0.04 mm 2 . The response time of 0.95 ns was the fastest response speed reported for OIHP photodetectors, which is at least two orders of magnitude faster than the previous report. [27, 30, 31, 36] To determine whether we had reached the intrinsic response speed limit of these photodetectors, we did a simple estimation of the transit time of the devices based on the reported carrier mobility of the materials. The detailed calculation can be found in Note 1 in the Supporting Information, which gives a transit time between 0.97 and 3.67 ns, depending on the mobility of C 60 used, which is dominated by the transit time of the C 60 layer. It is thus concluded that the measured sub-nanosecond response time was the true device transit time because the RC constant was much shorter than the transit time when the device area was less than 0.04 mm 2 (see Note 2 and Table S1 in the Supporting Information). The rising time of the TPC curve was also limited by the RC constant of the device or the transit time, which was comparable to the decay time for the smallest area devices reported here, regardless of whether the laser pulse durations were 150 fs or 3.5 ns.
We continued to study what limits the measured transit time by examining both the devices and the equipment setup. The devices had three layers: the hole-transport layer, the perovskite layer, and the electron-transport layer, each of which could limit the transit time. We first excluded the PTAA holetransport layer as the limiting one because of its very small thickness of 1-5 nm and reasonably good hole mobility of 10 −3 cm 2 V −1 s −1 . Then we increased the thickness of the perovskite layer from 900 nm to 1.2 μm to find its influence on the transit time measured. As shown in Figure 2B , the two TPC curves almost overlapped, with the same response time of ≈1.0 ns. This indicates that the perovskite layer did not limit the transit time despite having the largest thickness in the device structure, which can be explained by its high mobility. [37] Then, we increased the thickness of C 60 from 30 to 50 and 80 nm. As illustrated in Figure 2C , the response time increased to 1.4 and 2.5 ns for the devices with 50 and 80 nm C 60 , respectively. The measured transit time constants agreed well with the calculated values with a mobility of 0.05 cm 2 V −1 s −1 for C 60 (see Note 1 in the Supporting Information). This clearly shows that the low mobility of C 60 limited the device response speed when it was too thick. The temperature-dependent device response speed study also confirmed the limiting factor to be the CommuniCation fullerene layer ( Figure S1 , Supporting Information). The device response speed became slower with the reduced temperature. Perov skites have a band-transport property and thus a higher mobility at lower temperatures, while fullerenes have reduced mobility at lower temperatures because of the nature of a thermally activated hopping transport. [38, 39] The slowing down of the device response speed originated from the smaller mobility of fullerene at a lower temperature, providing direct evidence that the fullerene layer is the limiting factor at both room temperature and low temperatures. Finally, to further determine whether the response speed is limited by the instrument for the quickest devices with 30 nm C 60 , a voltage pulse from a Keithley instrument 4200 was applied on the OIHP photo detectors to find their variations in response speed. An increased bias was expected to shorten the transit time by increasing the carrier drift velocity. The pulse bias was applied onto the OIHP photo detectors right before and after a laser pulse to minimize the influence of ion migration so that a large bias could be applied. As shown in Figure 2D , the magnitude of the current increased linearly, while the response time remained invariable at ≈1.0 ns with the applied bias. This indicated that the ≈1.0 ns response time readout from the oscilloscope was limited by the 1 GHz oscilloscope used; and the actual response time was shorter, which agreed with the calculated response time of 0.65 ns for the devices with an active area of 0.04 mm 2 (Table S1, Supporting Information).
It is noted that the response speed of the perovskite photodetectors increased under weaker light excitation, as shown in Figure 3A . This can be explained by the decreased screening of the built-in electric field by the photogenerated spacecharges. [40] The built-in potential in these photodetectors can be estimated from the C-V measurement, which was around 1.1 V ( Figure S2, Supporting Information) . The energy diagrams of the perovskite photodetector in the dark and under illumination are shown in Figure 4B . In the dark, the perovskite layer was completely depleted because the depletion depth derived from the C-V measurement covered the whole perovskite thickness (see Note 3 in the Supporting Information). The near intrinsic nature of the perovskite films, as evidenced by results of the Hall effect and ultraviolet photoelectron spectroscopy measurements, [37, 41] gave rise to the large depletion width in these devices. Under light, the photovoltage generated by the Fermi level splitting in the perovskite layer was opposite to the built-in potential direction; and the built-in potential was Adv. Mater. 2016, 28, 10794-10800 www.advmat.de www.MaterialsViews.com thus weakened by the screening effect of the photogenerated charges, resulting in a slower response under stronger excitation for the photodetectors.
We applied the perovskite photodetectors in a TRPL system where an ultrafast photodetector was needed to record the decay process of photoluminescence (PL). The PL lifetime is one of the most important parameters for understanding the properties of optoelectronic materials for applications such as lightemitting diodes, semiconductor lasers, and solar cells. [42] [43] [44] It is a critical parameter, reflecting the nature and quality of materials which highly depend on the impurities, defects (both bulk and surface), and presence of dopants. [45] TRPL by time-correlated single photon counting (TCSPC) is generally a method of determining fast charge-carrier dynamics in optoelectronic materials. The essential components of a TCSPC system for measuring PL lifetime include a pulsed laser, singlephoton-sensitive photodetector, and optical filters or monochromators to separate the fluorescence signal from excitation Adv. Mater. 2016, 28, 10794-10800 www.advmat.de www.MaterialsViews.com light and wavelength selection. Our high-sensitivity, sub-nanosecond photodetector provides a good opportunity to monitor the carrier lifetime, because the 1 ns response time was fast enough to follow the lifetime of many conventional semiconductor materials applied for optoelectronic devices. As shown in Figure 4A , a system for measuring carrier lifetime was set up. A nitrogen nanosecond laser was used for excitation. It illuminated the samples from a small angle. The samples were placed at the focus position of Lens 1, and the photoluminescence light from the samples was collected and redirected to a perovskite photodetector by Lens 2. A filter was placed in front of the photodetector to filter the laser scattering emission. The perovskite photodetector was connected to a 1 GHz oscilloscope with 50 Ω input resistance. The signals were recorded in the form of the transient current, and fitting the time decay gave the carrier lifetime. Three types of typical organic and hybrid materials, green polyfluorene (PF), methylammounium lead tri-bromide (MAPbBr 3 ) single crystals, and bis(2-methyldibenzo[ f,h]quinoxaline) (acetylacetonate) iridium(III) (Ir(MDQ) 2 (acac)) were chosen to measure the PL lifetime by the homemade system. The TPC response is shown in Figure 4B -D. By fitting the decay curves, the following lifetimes were derived: ≈4.0 ns for green PF, ≈60.0 ns for the MAPbBr 3 single crystals, and ≈1.0 μs for Ir(MDQ) 2 acac. In order to check the accuracy of these measurements, we also measured the samples with a commercial Horiba Scientific time correlated single photon counting (TCSPC) system (see Figure 4B -D). The PL lifetime measured by the TCSPC system agreed well with that of our homemade system. It should be noted that the perovskite photodetectors applied here needed neither cooling nor power to operate, and their cost was much lower than existing commercial ones. The observation of ultrafast extraction of photogenerated carriers in perovskite photodetectors also provides important insight in understanding high-efficiency solar-cell devices because they do have almost the same structure. [33, 34, 37] This result also answers another puzzle as to whether a bulk heterojunction can form in perovskite solar cells by infiltration of fullerenes into the grain boundaries. [46] The significantly large mobility and quick extraction of charges made this scenario impossible because the charge carriers preferred to transport through the perovskite layer, which represents a highway for carrier transport. The fullerenes in the grain boundaries only fulfilled the function of trap passivation instead of carrier transport, though the fullerene thin layer close to the cathode electrode eventually accepted electrons and transported them to the cathode.
In summary, we have presented a solution-processed OIHP photodetector with an ultrafast response time of ≈1 ns with operation at zero bias. We have demonstrated the application of these low-cost photodetectors by setting up of a TRPL system and successfully measuring a variety of different optoelectronic materials with a radiative recombination lifetime in the range of several nanoseconds to microseconds. To the best of our knowledge, this is the first time a low-cost solution-processed photodetector has been shown to meet the requirements for application in very-high-performance scientific equipment. In addition, we believe these fast photodetectors will find applications in consumer electronics, due to their optimal absorption spectrum for visible imaging, fast response speed for quick frame rate imagers, and array formation by established printing technologies.
Experimental Section
Device Fabrication: PTAA dissolved in toluene was spun on clean ITO substrates at a speed of 5000rpm. The film was then annealed at 100 °C for 10 min. Lead iodine (PbI 2 ) and methylammonium iodide (MAI) were dissolved in dimethylformamide and 2-propanol with concentrations of 630 and 65 mg mL −1 , respectively. The PbI 2 solution was spun on a PTAA layer at 6000 rpm for 35 s. Then the PbI 2 film was transferred onto a hot plate at 90 °C for quick drying. Afterward, the MAI solution was spun on top of the PbI 2 film at 6000 rpm for 35 s at room temperature, combined with a thermal annealing at 100 °C for 1 h. Finally, the device was completed by thermally evaporating C 60 (30 nm), BCP (8 nm), and Cu (80 nm) in sequential order.
Device Characterization: Air mass 1.5 G simulated irradiation with an intensity of 100 mW cm −2 was produced by a xenon-lamp-based solar simulator (Oriel 67005, 150 W) for current (I)-voltage (V) measurements. The light intensity was calibrated using a silicon diode (Hamamatsu S1133). A Keithley 2400 Source Meter was employed for I-V measurements. The voltage scanning rate was 0.1 V s −1 . A Keithley 4200 source meter was used to add pulse bias to the device. The thermal admittance spectroscopy and capacitance-voltage characteristic were performed by an Agilent E4980A Precision LCR Meter. The demarcation energy is the cut-off energy that only the trap states below the demarcation energy can capture or emit charges with the given angular frequency and contribute to the capacitance. The temperature dependence of the response speed was measured by the Linkam Scientific Instruments LNP95 cooling system. The OIHP photodetectors was sealed in a cooling stage, and the temperature was precisely controlled by a liquid nitrogen flow with a cooling/heating rate of 5 °C min −1 . Each temperature point was held for 30 min before the response speed was recorded. All of the cables that connected the device and oscilloscope needed to be as short as possible and were connected with a fast (6 GHz) bayonet Neill-Concelman connector to minimize the influence of the inductance of the circuit. The oscilloscope was triggered on by the laser signal to record the TPC curve.
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